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The recent development of petawatt-class lasers with kilojoule-picosecond pulses, such as OMEGA EP [L.
Waxer et al., Optics and photonics news, 16, 30 (2005)], provides a new diagnostic capability for study
of inertial-confinement-fusion (ICF) and high-energy-density (HED) plasmas. Specifically, we discuss using
petawatt OMEGA EP pulses to backlight OMEGA implosions with energetic proton beams generated through
the Target Normal Sheath Acceleration (TNSA) mechanism. This allows time-resolved study of the mass dis-
tribution and electromagnetic field structures in ICF and HED plasmas. The TNSA proton backlighter offers
better spatial and temporal resolution over previous techniques. We discuss target and experimental design
techniques to mitigate potential problems in using TNSA backlighting to study full-energy implosions. The
first proton radiographs of 60-beam spherical OMEGA implosions are presented, taken using the techniques
discussed in this paper. We give sample radiographs and tips for troubleshooting failed radiography shots
using TNSA backlighting. Finally, we discuss future applications of this technique at OMEGA and the NIF.
I. INTRODUCTION
A.
The Inertial Confinement Fusion (ICF) program seeks to achieve fusion ignition and positive target energy gain in
the laboratory. The fundamentals of ICF were developed by Nuckolls and others1. The basic challenge is to compress
a spherical shell of deuterium and tritium such that the central gas becomes hot and dense enough to ‘spark’ the
reaction D + T→4 He + n, which has Q = 17.6 MeV. The central spark then ignites a burn wave, which propagates
through the main high-density fuel2–5. Currently, the ICF community is focused on upcoming ignition experiments
a)Electronic mail: zylstra@mit.edu
2at the National Ignition Facility (NIF)6.
Understanding target and hohlraum physics is crucial to achieving ignition at the NIF. A varied suite of diagnostics
has been developed for the NIF for the tuning campaign. However, fundamental physics is easily studied at smaller
scale facilities, such as OMEGA and OMEGA EP at the University of Rochester7,8.
B. Previous techniques
One successful technique for ICF physics studies has been radiography, using either x-rays9,10 or charged particles,
which will be the focus of this paper. Several years ago a fusion-based charged particle backlighter was developed at
OMEGA11. Primarily this technique uses 3 and 15 MeV protons (from DD and D3He fusion), produced in a 80-130ps
burn with a typical source size of 40-50µm FWHM. This technique has been successfully used to study direct-drive
implosions12–14, indirect-drive implosions15–17, and electromagnetic fields in HED plasmas18–22.
C. Energetic proton production
It is well known that the interaction of a high-intensity laser with matter can create energetic electrons and ions23,24.
Relevant to this work is the Target Normal Sheath Acceleration (TNSA) mechanism at order 1019 W/cm2. During
the initial laser interaction with a high-Z solid target electrons are accelerated to high energy, and propagate away
from the target at nearly the speed of light, c. This sets up strong ‘sheath’ electric fields, which can accelerate ions
to high energy. Hydrocarbon contaminants on the target are known to cause the production of energetic protons,
up to 60 MeV. Ion acceleration mechanisms, including TNSA, have been extensively studied experimentally25–44
and computationally45–48. Other proposed applications for this technique include compact medical and research
accelerators, and proton fast ignition49.
D. Challenges and benefits of TNSA backlighting
An obvious use of these sheath-generated proton beams is as a backlighter for ICF and HED plasmas. This has
been proposed and used in the literature50–54, and recently in experiments on OMEGA EP only55–57. However,
backlighting full-scale implosions at OMEGA or the NIF comes with a unique set of challenges and benefits for TNSA
proton backlighting.
These challenges include designing the backlighter to ensure an adequate fluence and energy of backlighting pro-
3tons. This requires compensating for several effects, such as x-ray crosstalk, return current, and preplasma from
the implosion58. The beam divergence, magnification required, and desired radiography time window present an
experimental optimization problem.
Benefits of TNSA proton backlighting over previous proton backlighting, i.e. with fusion-generated protons, are
better temporal resolution (∼10ps versus ∼100ps), better spatial resolution (∼10µm36 versus 40-50µm), and the
ability to radiograph at several time steps during one implosion. The fusion backlighter offers better energy resolution
and spatial uniformity than the TNSA backlighter; which technique is better will depend on the experiment.
This work focuses on solutions to the unique challenges in using TNSA backlighting for 60-beam OMEGA implosions,
and presents the first radiographs of such implosions. The paper is organized as follows: Section II presents an overview
of the facilities and experiment; Section III details the specifics of our backlighter design; Section IV discusses the
optimzation of beam divergence, magnification, and timing; Section V discusses the design of radiochromic film packs
for proton measurements; Section VI presents the first results of this method; Section VII gives some characteristics
of common failures for troubleshooting TNSA backlighting; finally the paper is concluded in Sections VIII and IX.
II. EXPERIMENTAL OVERVIEW
The OMEGA facility7 is a 60-beam frequency-tripled Nd:glass laser, which produces up to 30kJ UV in 1 to several
ns pulses. The OMEGA EP petawatt laser facility8 has two ‘long pulse’ beams (order ns), and two ‘short pulse’
beams (1-100ps pulses). One of the short pulse beams can be transferred to the OMEGA target chamber for joint
shot operations. Currently, the system is capable of ∼300J UV in 1ps or ∼1kJ UV in 10ps.
In this experiment all 60 OMEGA beams drive the subject spherical capsule implosion. A top-level schematic of
the experiment is shown in Fig. 1. The target is a 20-40µm thick CH shell of outer diameter 860µm filled with 4He
gas at 18atm. The OMEGA pulse shape is a 3.5ns 17kJ ‘shock ignition’ pulse59 using the SSD driver and SG4 phase
plates, as the ultimate physics goal is to study the shock propagation in the imploded capsule. The capsule drive
pulse is started several ns before the backlighter is fired, as the most interesting physics occurs when the shock is
launched, as well as near ‘burn’ and stagnation. The actual backlighter foil used was 10µm thick Au. We used a 1ps
300J short-pulse beam for TNSA backlighting, with a focal spot size ∼ 40µm in diameter for an intensity ≈ 2× 1019
W/cm2.
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FIG. 1. Top-level schematic of the experiment. Sixty OMEGA beams drive a spherical implosion, which is backlit by the EP
laser-generated protons and imaged on a radiochromic film detector.
III. BACKLIGHTER DESIGN
As listed in the introduction, there are three main mechanisms for backlighter performance degradation in this
environment:
A. Preplasma
It is known that any prepulse on the proton-generating laser beam can create a ‘preplasma’ at the target, which
dramatically reduces the backlighter performance. In this experiment the subject capsule is imploded via sixty
OMEGA beams via ablation pressure. The ablated mass is ejected outwards to large radii, forming a large coronal
plasma around the implosion. Since the capsule drive starts several ns before backlighting, the coronal plasma can
reach the backlighter. In a simple geometry, Fig. 2, the coronal plasma flows around the backlighter foil and can
impede the short-pulse beam propagation to the solid foil surface. This has the same effect as preplasma: the
conversion efficiency from laser energy to energetic protons is greatly reduced. The backlighter must therefore be
designed to impede the coronal plasma flow so that it does not interact with the short-pulse beam propagation.
B. X-ray crosstalk
X-ray imaging of capsule implosions can show that the capsule emits x-rays during the drive. These x-rays are
emitted isotropically, so some fraction will be incident on the backlighter foil. This is shown schematically in Fig. 3.
Since the backlighter foil is high Z the x-rays will efficienctly heat it, which can create some preplasma on the back
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FIG. 2. A coronal plasma forms around an imploding capsule due to ablation blowoff from the OMEGA drive. The coronal
plasma can flow around the backlighter foil to reach where the short pulse beam propagates.
surface ∼ns before the short-pulse beam is incident on the foil. This would be a similar effect to a prepulse on the
short-pulse beam, or interference by coronal plasma. To mitigate this effect the backlighter foil must be shielded from
‘crosstalk’ with the capsule.
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FIG. 3. 60 OMEGA beams drive the capsule implosion. X-rays from the capsule can preheat the backlighter foil, which will
reduce the backlighter performance.
C. Return current
In the TNSA mechanism fast electrons escape from the backlighter foil due to the high-intensity laser-matter
interaction, as shown in Fig. 4. This sets up a strong electric sheath field, which accelerates the protons of interest for
TNSA backlighting. If, for example, a shield foil is placed in front of the backlighter foil to shield from x-ray crosstalk
(previous section), then there is a potential for the fast electrons to form a return current back to the backlighter foil.
This would neutralize the acceleration sheath field, and reduce the backlighter proton performance.
Therefore, we must have a total backlighter size greater than the scale length ` = cτ , where τ is the laser pulse
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FIG. 4. If there is a pathway for fast electrons to form a return current to the backlighter foil within the backlighter pulse,
then the sheath field can be neutralized.
length, and the electrons are ultra-relativistic (v ≈ c). With a 1ps pulse ` ∼ 0.3mm, and at τ = 10ps the scale length
` ∼ 3mm. Since typical backlighter sizes are of order mm, this is a design concern for 10ps pulses but not 1ps.
D. Resulting Design
EP Beam TCC
preplasma shield
stalk
CH
CH
3μm
Ta
foil
10μm
Au
foil
1mm5mm
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FIG. 5. Backlighter design used in these experiments. Shown is a cross-section, where the design has cylindrical symmetry
around the central axis (except for the target positioner stalk).
A backlighter for joint OMEGA and EP TNSA radiography has been designed to mitigate these issues. A schematic
is shown in Fig. 5, and fabricated backlighters are shown in Fig. 6.
The 10µm Au foil is the actual backlighter foil target. The foil is glued to a thin CH washer. On the other end of
the washer, we glue a 3µm Ta foil as a x-ray cross-talk shield. The washer is encased in a thin brass cylindrical shell,
which forms a shield to impede coronal plasma flow to the backlighter foil. As shown in Fig. 5 the EP beam comes
in from the left, and TCC is to the right. As a 1ps pulse is used in these experiments, there is no potential for return
current issues due to the scale lengths of this backlighter design.
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FIG. 6. Images of fabricated and fielded backlighters. From top left: (a,b) two isometric views of a fabricated backlighter,
(c) side-on view of backlighter, (d) view from TCC of backlighter, (e,f) shadowgraphs of pre-shot backlighter and capsule in
OMEGA target chamber.
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FIG. 7. The radiography time-of-flight, magnification, and EP backlighter performance depend on the backlighter-object
distance (do) and object-film distance (di).
IV. EXPERIMENTAL OPTIMIZATION
The experimental configuration, i.e. separation between backlighter, subject, and imaging plane, must be adjusted
to optimize the backlighter performance, magnification, and radiography timing. We call the backlighter-capsule
distance do and the capsule-film distance di, as shown in Fig. 7.
The TNSA-generated proton beam has a cone-shaped emission, so with a given beam intensity a larger di results
in less fluence on the detector. In joint radiography experiments we observe that the film pack performs well for
8di ∼ 30cm.
Additionally, the magnification is
M =
di + do
do
= 1 +
di
do
(1)
Since the interesting physics in a capsule implosions happens at small radii, ≤ 200µm, the magnification must be at
least 25 for detectable features. With di ≈ 30cm, this constrains do ≤ 1.25cm. Depending on the experimental goals
a higher magnification may be desirable.
Finally, the radiography time-of-flight depends on the choice of do. Since the TNSA mechanism produces a falling
exponential distribution with proton energy, we can simultaneously use low- (several MeV) and high- (several tens
of MeV) energy protons to backlight the implosion. All protons are born essentially simultaneously, within 1-10ps
depending on the high-intensity laser pulse length, so each proton energy backlights the implosion at a time
t = τ + do/vp (2)
where τ is the short-pulse laser delay, and vp = vp(E) is the proton velocity. So the time window radiographed in one
shot is
δt = do
(
1
vp,min
− 1
vp,max
)
(3)
where vp,min and vp,max are respectively the minimum and maximum energies for which usable radiographs are
obtained. Ideally this is ≥ 150ps to allow radiography of a large total time window of the implosion physics within
one shot day. This is easily achievable with the film pack design in this paper for do = 1.2cm, as will be shown in the
next section.
V. FILM PACK DESIGN
The film pack used in these experiments is shown in Fig. 8. Protons from the backlighter are incident from the
left. A series of Al or Ta filters and Gafchromic R© HD-810 radiochromic films are interleaved. The filter pack size
is 10cm × 10cm. Each filter is measured with a micrometer since the thickness tolerance is generally 10% (standard
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FIG. 8. Radiochromic (RC) film pack design for detection of proton radiographs. The pack consists of interleaved filters (Al
or Ta) and films.
filter stock from Goodfellow R©). Each filter’s material and measured thickness is listed in Table I.
TABLE I. Film pack filter materials and thicknesses
Filter Material Thickness (µm)
1 Ta 42
2 Al 29
3 Al 106
4 Al 205
5 Al 480
6 Ta 390
7 Ta 407
8 Ta 534
9 Ta 1027
10 Ta 1026
With known filter thicknesses and composition information on the HD-810 film, we calculate the proton energy
that each film is primarily sensitive to, , using SRIM60 calculated stopping powers. This is done by calculating the
deposited energy per incident proton energy for initial proton energies from 0 to 60 MeV. This is shown for a specific
film, 5, in Fig. 9.
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FIG. 9. Sensitivity versus initial proton energy for film 5, chosen as an example of typical behavior.
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With  we can also calculate a time-of-flight for each film, which corresponds to when that radiograph is taken.
This information is given in Table II.
TABLE II. Film pack proton energy of maximum sensitivity, , and time-of-flight (TOF) to the subject implosion do/vp for
do = 1.2cm.
Film  (MeV) TOF (ns)
1 3.8 0.64
2 5.2 0.54
3 6.6 0.48
4 8.6 0.42
5 11.2 0.37
6 15.3 0.32
7 22.8 0.26
8 29.4 0.23
9 36.8 0.21
10 48.4 0.18
11 58.4 0.17
In future experiments, the magnification will be increased by decreasing do. In this case it is useful to show how
the sample timing changes with do. The TOF curve for arbitrary proton energy, with chosen film energies marked, is
shown in Fig. 10 for do = 0.6, 0.9, 1.2cm.
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FIG. 10. Time-of-flight curves for do = 0.6cm (dotted line), = 0.9cm (dashed line), and = 1.2cm (solid line). The points mark
specific film energies (see Table II).
Another film pack consideration is the high-energy tail to the film sensitivity, as can be seen in Fig. 9. The peak
sensitivity is narrow due to the Bragg peak, but the integrated tail as shown for a single film sensitivity is significant.
However, in the TNSA proton production mechanism there is a falling exponential energy distribution, which will tend
to suppress the high-energy tail of the sensitivity. We thus fold an approximate distribution with the sensitivities
calculated for each film, which is shown in Fig. 11. In future shots the last 2-3 films will be replaced by higher
sensitivity Gafchromic R© MD-V2-55 films.
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FIG. 11. RC film sensitivity, as energy deposited per proton, folded with an assumed exponential proton distribution and
plotted versus initial energy. All eleven films are shown, from film 1 to 11 from left to right.
In future experiments the proton distribution can be measured by taking a backlighter-only shot. With a microden-
sitometer or optical microscope to measure the film optical density and known film response61, exact proton fluence
can be calculated using this sensitivity method.
VI. RESULTS
(a) Film 5 (b) Film 6
(c) Film 7 (d) Film 8
FIG. 12. A series of radiographs of the filametary field structure around an imploded capsule, OMEGA shot 61250. The
backlighting protons are produced 3.53ns after the capsule drive begins. For film energies and timing, see Table II.
Using the techniques outlined in the previous sections, a series of radiographs was taken of the filamentary electro-
magnetic field structure around an imploded capsule. Four sequential films are shown in Fig. 12. This data was taken
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with the film pack configured as in Section V, with a 17kJ shock ignition pulse (FIS3601P) driving the capsule with
all 60 OMEGA beams, and a 300J 1ps EP pulse generating the backlighting protons, using the backlighter design in
Section III. For this shot do = 1.2cm and di=30cm, so the magnification is 26 and the RC film field of view is thus
3.8mm at the target plane.
VII. DIAGNOSING FAILED RADIOGRAPHY
If a radiography shot fails it is important to troubleshoot the failure with the smallest number of additional shots
and least amount of time, given the experimental constraints at facilities like OMEGA and OMEGA EP. On a typical
joint shot day, a PI can only expect 6 ± 1 radiography shots. Therefore we give tips for recognizing two common
failures on the basis of our experience backlighting implosions.
(a) Film 5, Shot 59141 (b) Film 5, Shot 61250
FIG. 13. Comparison of 60-beam OMEGA radiographs using backlighters without (left) and with (right) a preplasma shield,
as discussed in Section III.
The preplasma issue, as discussed in Section III A and Fig. 2, can seriously degrade the backlighter performance.
When the coronal plasma interferes with the EP beam propagation the proton beam emission is more diffuse, and
the highest energy proton produced is low (10-20 MeV instead of ∼ 50). In particular, we have observed diffuse
large-scale structures. This is shown in Fig. 13. The left image shows a radiograph where the backlighter did not
have a preplasma shield, and the right image did have a shield as detailed in Section III. On the left we can see
some of the filametary structure in the top left and top right, but most of the image is dominated by a large diffuse
structure resulting from the preplasma. On the right, with a preplasma shield, we obtain a radiograph of the entire
implosion.
If the film pack is too far away (di is too large) then the TNSA proton beam divergence can mean that the fluence on
the detector is too low. If this is the case, then it affects the high-energy films first due to the exponential distribution.
Thus a low proton energy cutoff (10 − 20 MeV instead of ∼ 50) but sharp radiographs at low energy results from
13
(b) Film 1, di=69cm,
Shot 61247
(b) Film 1, di=30cm,
Shot 61250
FIG. 14. Comparison of lowest-energy radiographs when di is too large (left) and when di is optimized (right).
di being too large. This is shown in Fig. 14. On the left is a radiograph of an unimploded capsule with the lowest
energy film at di = 69cm. The higher energy films did not have visible radiographs. On the right is the same film
on a shot with di = 30cm, and the higher fluence has almost saturated the film. At higher energies for shot 61250
excellent radiographs are obtained (see Fig. 12).
VIII. CONCLUSIONS
Petawatt-class lasers with kilojoule-picosecond pulses offer new opportunities for ICF and HEDP radiography,
including using the TNSA energetic proton production mechanism for proton backlighting. This technique offers
better temporal and spatial resolution over previous fusion-based proton backlighters, and offers a wide range of
proton energies which is beneficial for mapping out field structures in ICF and HEDP plasmas. We present the
first results of using TNSA proton backlighting to image 60-beam OMEGA implosions. In such experiments there
are several challenges to using the TNSA mechanism to generate backlighting protons, such as avoiding preplasma,
crosstalk, return current, and optimizing the experimental configuration to achieve the desired magnification, timing,
and fluence at the radiochromic film detector. This work presents solutions to this issues, which will allow future joint
OMEGA and OMEGA EP experiments to use TNSA backlighting to study ICF and HEDP physics.
IX. FUTURE WORK
This technique will be applied to study shock propagation in shock ignition implosions at OMEGA, in particular
using high-energy protons to probe the electromagnetic field structure at the shock front. The improved spatial and
temporal resolution will also be used to study electromagnetic fields in hohlraums around the laser entrance hole
14
(LEH) and at plasma bubbles formed at the wall, expanding on previous efforts15–17.
The future NIF Advanced Radiographic Capability (ARC)62 will allow the study of full-scale NIF experiments using
a petawatt-class laser. Radiography using NIF ARC will be at similar drive conditions to OMEGA EP (kilojoule-
picosecond pulses), and with similar challenges to those discussed in this work. NIF ARC proton radiography will
provide an important diagnostic for electromagnetic field structures in megajoule indirect- and direct- drive implosions.
It will be important to transfer experience with TNSA backlighting from full-scale joint OMEGA experiments, as
discussed in this work, to future radiography using ARC on the NIF.
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